Metalorganic chemical vapor deposition of GaAs-based laser diodes, using self-organized InGaAs quantum dots ͑QDs͒, emitting at Ͼ1.24 m is demonstrated. The environment-friendly alternative precursor tertiarybutylarsine is used as a substitute for arsenic hydride. The active region contains ten closely stacked InGaAs QD layers embedded in a GaAs matrix. Lasing emission at such long wavelengths was achieved by overgrowing the In 0.65 Ga 0.35 As QDs with a thin In 0.2 Ga 0.8 As film. The application of an in situ annealing step leading to the evaporation of plastically relaxed defect clusters is shown to be decisive for the laser performance. A transparency current density of 7.2 A/cm 2 per QD layer and an internal quantum efficiency of 75% were achieved at room temperature. © 2004 American Institute of Physics. ͓DOI: 10.1063/1.1711171͔
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There is currently strong interest in laser diodes and semiconductor optical amplifiers [1] [2] [3] for optical data-and telecommunication in the wavelength regime between 1.25 and 1.65 m. However, the longest wavelength achieved on GaAs using InGaAs quantum wells is 1.23 m in edge emitting devices 4 and 1.26 m in vertical cavity surface emitting laser. 5 Self-organized quantum dots 6 ͑QDs͒ as active medium open the possibility of reaching this emission range on GaAs substrates. 2, 7 Both edge-8 and vertical emitting 7 QD laser diodes emitting at 1.3 m with extremely low threshold currents 9 and high output powers 10, 11 have been reported. Very recently, broad-area QD lasers emitting at 1.5 m with a transparency current density of only 70 A/cm 2 per QD sheet at room temperature have been demonstrated. 12 Owing to their unique electronic properties, QD lasers exhibit Ϫ3 dB frequencies up to 22 GHz. QD-based semiconductor optical amplifiers are suitable for high bit-rate signal processing over 40 Gbit/s 3 . GaAs technology enables the fabrication of very cost-efficient monolithic vertical cavity surface-emitting lasers using AlAs-GaAs or AlO x -GaAs distributed Bragg reflectors. 7 Until recently, molecular beam epitaxy has been the only successful technology to realize GaAs-based QD lasers in the telecom wavelength range. 7,9-11 High-power QD lasers 13 and lasers with nearly ideal characteristics 14 have been developed using metalorganic chemical vapor deposition ͑MOCVD͒ as well, but the emission wavelength has not exceeded 1.16 m although luminescence of MOCVD-grown QD structures emitting up to 1.5 m have been demonstrated. 15 In this letter, we present MOCVD-grown QD lasers emitting at 1.24 m, proving the suitability of MOCVD as growth technology for GaAs-based QD laser diodes for the data-and telecom wavelength range. Our success is attributed to the application of an appropriate in situ annealing step that had previously been developed for MOCVD growth 16 and leads to a reduction of the density of plastically relaxed defect clusters.
In the past, MOCVD growth of QD lasers was mostly performed using highly toxic arsenic hydride. 17, 18 We have recently demonstrated 19 that QD lasers with outstanding characteristics can likewise be grown using the alternative precursor tertiarybutylarsine ͑TBAs͒, which was found to be much less hazardous than arsenic hydride. 20 The demonstration of a QD laser emitting in the telecom wavelength range grown using TBAs is a breakthrough of MOCVD as growth technology for QD-based datacom lasers also in regions with high safety standards.
The QD structures were grown in a horizontal AIX200/4 quartz-glass reactor at a total pressure of 100 mbar. Trimethylgallium, trimethylaluminium and trimethylindium were used as group III precursors and tertiarybutylarsine ͑TBAs͒ as arsenic source, carbon tetrabromide and diethyltelluride were used for p and n doping, respectively. Exactly oriented n-GaAs:Si(100) wafers were used as substrate. Undoped samples containing single sheet of self-organized InGaAs QDs were grown for photoluminescence ͑PL͒ characterization. PL samples with different QD structures were grown. The QDs of sample A were formed upon deposition of 2.7 ML In 0.65 Ga 0.35 As at 500°C and subsequent growth interruption ͑GRI͒ during 1 min. During this GRI, all sources were switched off, including TBAs. GaAs growth was then resumed at 500°C. After the QDs were covered by 5 nm GaAs, the reactor temperature was ramped to 600°C. Sample B was grown like sample A but 5 nm In 0.2 Ga 0. 8 As was deposited on the In 0.65 Ga 0.35 As QDs at 500°C after the GRI, previous to the deposition of the GaAs cap. Sample C was grown like sample B but after the In-containing layers were capped by 2 nm GaAs, a second GRI was inserted for an in situ annealing step: the substrate temperature was ramped to 600°C during 2 min, and the sample was then APPLIED PHYSICS LETTERS VOLUME 84, NUMBER 16 19 APRIL 2004 annealed during another minute. During this second GRI, the surface was stabilized with a TBAs partial pressure of 5 ϫ10 Ϫ2 mbar. GaAs growth was resumed hereafter at 600°C.
The QD density, estimated from transmission electron microscopy ͑TEM͒, is about 1.9ϫ10 10 cm Ϫ2 for all investigated samples. Two types of n-i-p QD laser structures were grown which only differ by the QDs used. Both samples consist of 10 QD layers, vertically separated by 40-nm-thick GaAs spacer layers. The QDs of laser structure L B (L C ) were grown like the QDs of sample B ͑C͒. The QD stacks are centered in 480-nm-thick undoped GaAs optical confinement layers which are sandwiched between two 1.1-m-thick nand p-doped Al 0.6 Ga 0.4 As cladding layers. A 350-nm-thick p ϩϩ GaAs contact layer was grown on top of each laser structure. The bottom cladding layer was grown at 650°C, waveguide, top cladding layer and contact layer were grown at 600°C. Ridge waveguide lasers were processed using standard lithography and wet etching. The laser facets were left uncoated. The devices were driven in pulsed mode with 800-ns-long pulses at 1 kHz repetition rate.
Room-temperature PL spectra of samples A, B, and C are shown in Fig. 1 . PL was excited at 514.5 nm using an Ar ϩ laser, a LN 2 -cooled Ge diode was used as detector. The excitation density is around 5 W/cm 2 . The peak emission wavelength of sample A is at 1144 nm. Overgrowth of the In 0.65 Ga 0.35 As QDs with 5 nm In 0.2 Ga 0.8 As leads to a pronounced redshift of the peak emission wavelength to 1278 nm, as shown by the PL spectrum of sample B. The redshift is attributed to a strain reduction within the In 0.65 Ga 0.35 As QDs, mediated by the In 0.2 Ga 0.8 As layer, 21 and to a phase separation within the ternary In 0.2 Ga 0.8 As alloy, activated by the In 0.65 Ga 0.35 As QDs that act as stressors. 22 Upon in situ annealing, the peak emission wavelength shifts by about 30 nm to the blue, as shown by the PL spectrum of sample C. This blueshift is attributed to In-Ga intermixing, leading to changes in the electronic properties of the QDs. 23 The strength of intermixing during annealing is most likely due to the proximity of the QDs to the surface, which facilitates the In-Ga site exchange.
Overgrowth of the In 0.65 Ga 0.35 As QDs by the In 0.2 Ga 0.8 As film leads to a decrease of the PL intensity, indicating the creation of nonradiative recombination centers. However, the PL intensity increases upon in situ annealing and almost reaches the PL intensity of the reference sample A. The inhomogeneous broadening of the PL emission is reduced from 72 meV ͑sample B͒ to 64 meV ͑sample C͒ upon annealing, indicating a slight narrowing of the QD size distribution. Figure 2 shows transmission electron microscopy ͑TEM͒ images of samples B and C. Large relaxed clusters are present in sample B ͓cf. Fig. 2͑a͔͒ , as marked with white arrows. Their area density is estimated to about 2 ϫ10 8 cm Ϫ2 . Sample C, grown with in situ annealing, does not exhibit such clusters. In contrast to sample B, however, large crater-like objects are visible, as marked with arrows in Fig. 2͑b͒ . Within the limit of error, the area density of these objects is the same as the cluster density in sample B. We conceive that in sample C, the 2-nm-thick GaAs cap layer deposited on the In 0.2 Ga 0.8 As layer previous to the annealing step does not cover large plastically relaxed defect clusters. During the annealing step, such clusters are likely evaporated and leave shallow pits in the QD layer behind which are filled during the subsequent overgrowth by GaAs. This gives rise to the formation of strain fields at the pit edges due to the misfit between InGaAs and GaAs, resulting in the diffraction contrast observed in Fig. 2͑b͒ . This assumption is confirmed by the cross-sectional TEM image in Fig. 2͑c͒ which shows a lateral interruption of the In-containing layer whose width is in the same order as the lateral extension of the crater-like objects in Fig. 2͑b͒ . It has been shown that comparable annealing procedures lead to the removal of plastically relaxed defect clusters in both MOCVD 16 and molecular beam epitaxy ͑MBE͒ 24 but also to a reduction of point defects in cluster-free MOCVD-grown QD sheets. 25 Figure 3 shows the dependence of the threshold current density on the reciprocal cavity length at room temperature for both laser structures. The lowest threshold current measured was 200 A/cm 2 for a 2.9-mm-long device processed from sample L C . Using linear extrapolation we have found the transparency current density of laser L C to be as low as (72Ϯ30) A/cm 2 . The inset of Fig. 3 shows a lasing spectrum of a 2.3-mm-long device. Lasing via the ground state is manifested down to cavity lengths of 1.3 mm, indicating a saturation gain of about 13 cm Ϫ1 , estimated as a sum of internal and external losses. This is somewhat less than the saturation gain of 18 cm Ϫ1 for a MBE-grown laser 10 based on a tenfold stack of InGaAs/InAs QDs, most likely due to a lower area density of the MOCVD QDs and the larger inhomogeneous broadening of the QD luminescence. Figure 4 shows the reciprocal external efficiency versus cavity length of the L C lasers. The internal quantum efficiency is determined as (75Ϯ5)% by linear extrapolation to zero cavity length; the internal optical losses are calculated from the slope of the linear fit to (4.4Ϯ0.4) cm Ϫ1 . As depicted in Fig. 1 , lasers processed from structure L B grown without annealing step of QDs have up to two times larger threshold current. A more detailed characterization of laser structure L B was impossible since all other processed devices did not show QD ground-state lasing. This is attributed to large lateral inhomogeneities of the QD stack, owing to the presence of defect clusters. This proves that the annealing step is mandatory for the laser performance.
To conclude, we present the realization of GaAs-based InGaAs QD quantum dot laser grown using MOCVD at wavelengths Ͼ1.24 m for the datacom and telecom wavelength regime. The potential to fabricate GaAs-based optoelectronic QD devices in the datacom wavelength regime using alternative-precursor MOCVD is evidenced. All structures were grown using the alternative and environmentfriendly As precursor tertiarybutylarsine, making MOCVD attractive as fabrication technology of GaAs-based optoelectronic devices also in regions with high safety standards. This work is supported by the German Federal Ministry of Education and Research (bmbϩf), the EU project DOT-COM, and INTAS. R.S. is particularly indebted to Agilent Technologies. FIG. 3 . Threshold current density vs inverse cavity length of lasers processed from sample L B , based on QDs grown without annealing, and sample L C ͑based on QDs grown with in situ annealing͒. Extrapolation of a linear fit of the data points of sample L C to zero inverse cavity length yields a transparency current density of (72Ϯ30) A/cm 2 . The inset shows a roomtemperature lasing spectrum of a 2.3-mm-long and 50-m-wide ridgewaveguide laser driven at jϭ1.07ϫ j th .   FIG. 4 . Inverse external efficiency of L C lasers plotted vs cavity length. Linear extrapolation to zero cavity length yields an internal quantum efficiency of (75Ϯ10)%. All data were recorded in pulsed mode ͑800 ns pulse length, 1 kHz repetition frequency͒.
